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Abstract

Ferroelectric lead lanthanum zirconate titanate (PLZT) films with 8 mol% lanthanum and different Zr/Ti ratios (70/30, 65/35, 58/42, 52/48,
45/55, and 40/60) have been grown on platinized silicon substrates by chemical solution deposition. The effects of the Zr/Ti ratios on the dielectric
and ferroelectric properties were investigated for high-power energy storage applications. These films exhibited relaxor behavior and slim
polarization—electric field hysteresis loops, and the degree of phase transition diffuseness decreased with increasing Ti. The PLZT films with
Zr/Ti=52/48 had a high spontaneous polarization of ~51.2 pC/cm?, a low remanent polarization of ~9.1 pC/cm?, and a low coercive electric field
of ~25.9 kV/cm, leading to a recoverable energy density of ~30 J/cm® and a charge—discharge efficiency of ~78% at room temperature. The high
energy density and high efficiency indicate that relaxor PLZT with La/Zr/Ti=8/52/48 is a promising candidate for high-power film capacitors.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Ceramic film capacitors have recently attracted considerable
interest for short-term energy storage in renewable energy
systems such as wind turbines and electric vehicles, due to
their high dielectric constant and reliability compared to
polymer and electrolyte capacitors [1-6]. The ceramic materi-
als used for capacitors can be paraelectric (linear dielectric),
normal ferroelectric, antiferroelectric, or relaxor ferroelectric
[3-8]. In a capacitor, when the electric field E increases from
zero to the maximum E,,, the polarization P increases to P,,,
and electric energy is stored in the capacitor. The energy stored
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per unit volume is defined by Uy = f(f " E dP. As the electric
field decreases from E,, to zero, the stored energy is released
on discharge from P, to remanent polarization P,. The
recoverable electric energy density U,, is then represented as
U, = f;_ " E dP. The charge—discharge efficiency # can then
be calculated by 7 = (U,./Uy) x 100%. To minimize the size
and weight of capacitors, ceramic films with high U,, and high
n are required. From the polarization—electric field (P-E)
hysteresis loops of ceramic materials, it is clear that lower P,
and higher P,, lead to higher recoverable energy density at
fixed E,,. One can also conclude that linear dielectrics exhibit
the highest efficiency for energy storage because of their low
energy loss (Uy=U,.); however, the low P,, in linear dielec-
trics depresses the energy density [9—11]. Normal ferroelectrics
exhibit relatively high P, and large coercive electric field (E,.),
leading to low energy density and efficiency [10]. Antiferro-
electrics have low P, and E. but also wide hysteresis loops,
contributing to large energy loss [12—16]. In contrast, relaxor
ferroelectrics exhibit slim P-FE hysteresis loops with high P,
and low P, and E,, implying higher energy storage density and
better energy conversion efficiency [8].
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Lead lanthanum zirconate titanate (PLZT) films are consid-
ered as one of the most promising candidates for high-power
energy storage [12]. Generally, when PLZT has a high con-
centration of lanthanum (>7 mol%), the c/a ratio of the unit
cell decreases to near unity, approaching a pseudocubic
structure. This condition leads to relaxor behavior and slim
P-E hysteresis loops [7,8]. Several research groups have
reported investigations on PLZT-based relaxor ferroelectrics
for energy storage applications [17-21]. Sigman et al. reported
a recoverable energy density of ~22 J/cm® in PLZT (12/70/30)
thin films deposited on platinized silicon (PtSi) [19]. Kim et al.
observed a high capacitance density of ~2.4 pF/cm® in PLZT
(7/62/38) thin films deposited on nickel with a lanthanum
nickel oxide buffer (LNO/Ni) [20]. Hao et al. studied PLZT
(9/65/35) films on PtSi and reported a high recoverable energy
density of ~28.7 J/cm® and an energy efficiency of ~60% [21].
Recently, PLZT (8/52/48) films have received increasing
interest due to their excellent ferroelectric and dielectric pro-
perties and high Curie temperature [6,13,22]. Energy-storage
densities of ~13 and 45 J/cm® have been reported in PLZT
(8/52/48) films deposited on PtSi and LNO/Ni, respectively
[10,13]. These reports demonstrated the possibility of using
PLZT relaxor ferroelectrics for high-power energy storage.
However, the relationship between the composition and the
energy storage capability has not been studied in relaxor
PLZT. In this work, we systematically investigated the effects
of the Zr/Ti ratio on the relaxor behavior and energy storage
performance of PLZT film capacitors grown on PtSi.

2. Experimental procedures

PLZT precursor solutions (0.5 M) with various Zr/Ti ratios
(Zr/Ti=70/30, 65/35, 58/42, 52/48, 45/55, and 40/60) were
prepared by a modified 2-methoxyethanol synthesis route. In the
solutions, 8 mol% lanthanum was added to enhance the relaxor
behavior and insulating property [2]. The starting chemicals were
lead acetate trihydrate, lanthanum nitrate hexahydrate, zirconium
propoxide, and titanium isopropoxide. Excess lead (20 mol%) was
used to compensate for the lead loss during the high temperature
crystallization. Detailed solution synthesis conditions can be
found in our prior report [6]. The PLZT films were grown by
spin coating the solution on PtSi substrates at 3000 rpm for 30 s.
Each layer was pyrolyzed at 450 °C for 10 min before being
annealed at 650 °C for 5 min. An additional annealing at 650 °C
for 5 min was applied after every three layers of coating. A final
crystallization anneal was performed at 650 °C for 15 min. The
thickness of the PLZT films with six layers of coating was
~690 nm, resulting in a per-coating thickness of =115 nm.
Platinum top electrodes with a diameter of 250 pm and a
thickness of 100 nm were deposited on the prepared samples
through a shadow mask by electron-beam evaporation.

Phase identification was carried out by analysis using a
Bruker D8 AXS diffractometer with General Area Detector
Diffraction System. A Signatone QuieTemp™ probe station
with heatable vacuum chuck (Lucas Signatone Corp., Gilroy,
CA) was used for electrical characterization. Dielectric per-
mittivity and loss were measured as a function of temperature

(25-300 °C), frequency (1-1000 kHz), and bias field with
an Agilent E4980A LCR meter using an oscillation signal
of 0.1 V. Ferroelectric hysteresis loops were measured by a
Precision Premier II ferroelectric test system (Radiant
Technologies).

3. Results and discussion

X-ray diffraction (XRD) patterns of the PLZT films are
shown in Fig. 1. All the diffraction patterns show only well-
crystallized polycrystalline perovskite phases, together with
PtSi substrate, and can be well indexed by a pseudocubic
structure. No other phases were detected, suggesting that
neither pyrochlore phases nor interfacial reactions affected
the structure. The peak position shifted toward higher angle
with increasing Ti, as shown in Fig. 1(b), implying a gradual
lattice distortion within the pseudocubic structure due to the
variation of Zr/Ti ratios. Fig. 1(c) shows that the lattice
parameter a decreases with increasing Ti, similar to that of
bulk PLZT [23]. In the phase diagram of bulk PLZT, the
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Fig. 1. (a) XRD pattern of PLZT films with different Zr/Ti ratios; (b)
magnified XRD patterns in the vicinity of 20=44°; and (c) lattice parameter
a of PLZT films calculated from the diffraction patterns as a function of Ti
content (bulk values are from Ref. [23]).
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structure changes from rhombohedral to tetragonal in the
vicinity of La/Zr/Ti=8/65/35, indicated by the split of (200)
peaks [5,23]. However, we did not observe such a structural
transition in the XRD patterns for the PLZT films. It is known
that the doping of PLZT with 8% lanthanum decreases the c\a
ratio of the unit cell to near unity, resulting in a pseudocubic
structure in the PLZT films, which suppresses the structural
transition [2]. Another possible reason for the structural differ-
ence between the bulk and its thin film counterpart is the shift of
phase boundary due to residual stress or lattice mismatch [22],
similar to that previously reported in PZT films [24].

To investigate the relaxor behavior in the PLZT thin films,
we measured the temperature dependence of the relative
dielectric permittivity (e,) and dielectric loss (tan 8), as shown
in Fig. 2. The broad peaks of the relative permittivity with
increasing temperature are evidence of a diffuse phase transi-
tion [25,26]. The temperature for maximum permittivity, 7,
increases with increasing Ti. The dielectric loss curve being
low and relatively flat in the measured temperature range
indicates a low concentration of defects and high quality of all
the films. For canonical relaxor ferroelectrics such as single-
crystal Pb(Mg;,3Nb,/3)03—PbTiO3, the relaxor behavior is
generally characterized by a strong frequency dispersion of
&, where T,, shifts to higher temperatures with increasing
frequency. When the temperature is over T, €, is independent
of frequency. For PLZT, however, these characteristics have
not been generally observed, especially in thin films [12]. As
previously reported, residual stresses and substrate clamping in
PLZT thin films may change the order of the phase transition
compared to bulk ceramic and may increase the diffuseness
(broadness) of the phase transition. Therefore, it is difficult to
determine the relaxor behavior directly from the temperature-
dependent permittivity response [12,27,28].

To estimate the dielectric behavior of PLZT with diffuse
phase transition, we used the modified Curie-Weiss law to fit
the temperature-dependent dielectric permittivity [29]:
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where ¢, is the maximum permittivity at 7,,, 6 is a shape
parameter, and y (1<y<2) is the dispersion factor representing
the degree of phase transition diffuseness. In general, y=1
describes the Curie—Weiss behavior of normal ferroelectrics,
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Fig. 3. (a) Fitting results of the temperature-dependent permittivity at 10 kHz
using Eq. (1) and (b) dispersion factor y as a function of Ti content.
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Fig. 2. Temperature-dependent relative permittivity and dielectric loss for PLZT films with different Zr/Ti ratios.
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while y=2 applies to canonical relaxor ferroelectrics that
undergo a totally diffuse phase transition. The fitting results
of Eq. (1) are shown as solid lines in Fig. 3(a). From the slope
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Fig. 4. (a) Relative permittivity and (b) dielectric loss as a function of electric
field for the PLZT films with different Zr/Ti ratios.
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of the fitting lines, we can calculate the dispersion factor y,
shown in Fig. 3(b) as a function of Ti content. The dispersion
factors for all the PLZT samples are lower than 2, which has
been attributed to the strain and dead layer between the films
and the substrates [28]. The values higher than 1 indicate that
all the studied PLZT films are partially in relaxation. The
dispersion factor decreases with increasing Ti content, suggest-
ing a gradual deviation from the total relaxation state when
approaching a tetragonal structure, as indicated in the phase
diagram of PLZT [5].

Fig. 4 shows the relative permittivity and dielectric loss of
the PLZT films as a function of applied bias field measured at
room temperature and 10 kHz. The dielectric constant at zero
bias increases with increasing Ti content, in agreement with
that observed from the bulk PLZT. The dielectric tunability,
defined as the ratio of change in permittivity at bias field
E (200 kV/cm) and zero bias field [1—e&(E)/e(0)], decreases
with increasing Ti. The dielectric losses at zero bias are in the
narrow range between 0.035 and 0.04, as shown in Fig. 5. The
PLZT films with Zr/Ti=52/48 exhibit a dielectric constant of
~1400 and a dielectric loss of ~0.038 at zero bias field. The
slim butterfly-shaped curve with flat top in the PLZT 70/30
film in Fig. 4 is typical for relaxor ferroelectrics. However, the
loops become relatively wide with sharp peaks at coercive
electric fields, and the dielectric tunability decreases when
approaching PLZT 40/60 films, indicating that a gradual
transition from relaxor to normal ferroelectric occurs with
increasing Ti. These observations are consistent with the
aforementioned analysis of Fig. 3.

Fig. 6 shows the polarization—electric field (P-E) hysteresis
loops of PLZT films measured under an electric field up to
~725 kV/cm at a frequency of 1kHz and room temperature.
The hysteresis loops for all the samples are slim and symmetric
and indicate high spontaneous polarization (P,,, ~#39-51 pC/cm?),
low remanent polarization (P,, ~7-13 pC/cmz), and low coercive
electric field (E,., ~24-34 kV/cm), which are the main features
of relaxor ferroelectric PLZT films. However, P, and E.
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Fig. 5. Composition dependence of room-temperature ferroelectric and dielectric properties of PLZT films of various compositions.
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Fig. 6. P-E hysteresis loops of PLZT films with different Zi/Ti ratios. The shaded
areas at the top left correspond to the discharged or recoverable energy density
(U,,) and lost energy density (U,,). (For interpretation of the references to color,
the reader is referred to the web version of this article.).

dramatically increase in PLZT 45/55 and 40/60, approaching
normal ferroelectric behavior as the dispersion factor
y decreases to lower than 1.2. The PLZT films with Zr/Ti=
52/48 exhibit the highest P,, of ~51.2 puC/cm? with a relatively
low P, of ~9.1 pC/cm2 and a low E, of ~25.9 kV/cm, as shown
in Fig. 5. These values are comparable to those measured on
PLZT film-on-foil capacitors with the same composition [22].
The optimal electric properties of PLZT (8/52/48) films can be
attributed to the shift of the morphotropic phase boundary (MPB)
from 8/65/35 in the bulk material to 8/52/48 in films. This
hypothesis is supported by the large tensile stress (250 MPa) in
PLZT films deposited on PtSi [22] and a strain-induced MPB
shift from Zr/Ti=52/48 to ~30/70 reported in PZT films [24].
However, more experimental evidence is still needed to verify
this hypothesis.

We calculated the recoverable energy density (U,.) and the
charge-discharge efficiency (1) from the P—FE hysteresis loops
of the PLZT films. In Fig. 6, U,, and the lost energy density
U,, are sketched as the blue- and red-shaded areas, respec-
tively. As shown in Fig. 7(a), both U,, and 7 increase with
increasing Ti initially, and then decrease after reaching
maximum values in the films with Zr/Ti=52/48. This decrease
in both U,, and # can be attributed to the increase in P, and E.
when approaching normal ferroelectric behavior. Fig. 7(b)
shows the field dependences of U,, and 5 for PLZT (8/52/48)
thin films. The energy density exhibits a linear increase with
increasing electric field, while the energy efficiency is rela-
tively stable when the electric field is higher than 725 kV/cm.
For PLZT (8/52/48) films under an applied field of 2180 kV/cm
(the maximum tested), we calculated a large energy density
of ~30 J/cm® with a high energy efficiency of ~78%. These
findings show that the energy storage performance of PLZT
(8/52/48) is superior to that measured in relaxor polymer,
ferroelectric superlattices, and PLZT (9/65/35) under the same
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Fig. 7. (a) Composition-dependent energy density (U,.) and conversion efficiency
() calculated at an applied electric field of 725 kV/cm and (b) electric field-
dependent U,, and 5 of PLZT 8/52/48 thin films.

electric field [7,8,21]. They thus suggest that PLZT (8/52/48)
has potential application in high-power film capacitors.

4. Conclusions

In summary, we prepared 8%-lanthanum doped PLZT films
with different Zr/Ti ratios (70/30, 65/35, 58/42, 52/48, 45/55,
and 40/60) on platinized silicon substrates by chemical solut-
ion deposition. XRD patterns indicated the formation of phase-
pure perovskite with a pseudocubic structure in PLZT films.
All the films exhibited relaxor ferroelectric behavior with
diffuse phase transition. However, the degree of phase transi-
tion diffuseness decreased with increasing Ti, suggesting a
gradual deviation from the total relaxation state when the
tetragonal structure is approached. Typical butterfly-shaped
curves for relative permittivity and loss tangent as a function of
electric field and slim P-E loops were observed with these
films. The PLZT films with Zr/Ti=52/48 had the optimal
electrical properties: a dielectric constant of ~1400, a dielectric
loss of =0.038, a high P, of ~51.2 pC/cmz, a low P, of
~9.1 pC/em?, and a low E,. of ~25.9 kV/cm. High energy
density of ~30 J/cm® and high energy efficiency of ~78% were
calculated from the P-E hysteresis loop of PLZT (8/52/48)
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films under a maximum applied field of 2180 kV/cm. These
results suggest that the relaxor PLZT (8/52/48) is a promising
candidate for capacitor applications, where high energy storage
density and high energy efficiency are required.
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